Todd NPM, Bell SL, Paillard AC, Griffin MJ. Contributions of ocular vestibular evoked myogenic potentials and the electrooculogram to periocular potentials produced by whole-body vibration. J Appl Physiol 113: 1613-1623. First published September 13, 2012 doi:10.1152/japplphysiol.00375.2012In this paper we report the results of an experiment to investigate the emergence of ocular vestibular evoked myogenic potentials (OVEMPs) during the linear vestibular ocular reflex (LVOR) evoked by whole-body vibration (WBV). OVEMP and electrooculogram (EOG) montages were employed to record periocular potentials (POPs) from six subjects during WBV in the nasooccipital (NO) axis over a range of frequencies from 0.5 to 64 Hz with approximately constant peak head acceleration of 1.0 ms Ϫ2 (i.e., 0.1 g). Measurements were made in two context conditions: a fixation context to examine the effect of gaze eccentricity (0 vs. 20°), and a visual context, where a target was either head-fixed or earth-fixed. The principal results are that from 0.5 to 2 Hz POP magnitude in the earth-fixed condition is related to head displacement, so with constant acceleration at all frequencies it reduces with increasing frequency, but at frequencies greater than 2 Hz both POP magnitude and POP gain, defined as the ratio of POP magnitude at 20 and 0°, increase with increasing frequency. By exhibiting this high-pass characteristic, a property shared with the LVOR, the results are consistent with the hypothesis that the OVEMP, as commonly employed in the clinical setting, is a high-frequency manifestation of the LVOR. However, we also observed low-frequency acceleration following POPs in head-fixed conditions, consistent with a low-frequency OVEMP, and found evidence of a highfrequency visual context effect, which is also consistent with the OVEMP being a manifestation of the LVOR.
otoliths; ocular VEMP; vibration THE TRANSLATIONAL OR LINEAR vestibular-ocular reflexes (LVORs) play an essential role in assisting stabilization of binocular foveal images in a situation where the head is undergoing acceleration attributable to locomotion, orientation, or in response to unexpected perturbation. The LVOR is typically assessed by measuring eye movements during head acceleration, which may be achieved by various methods, including by camera, by eye coils, or by the electrooculogram (EOG), which records the periocular electrical activity associated with displacement of the retinal-corneal dipole. For vertical movements, the EOG is measured by means of a pair of surface electrodes located superior and inferior to the eye. The use of EOG methods is made difficult, however, by the fact that there are multiple sources of periocular potentials (POPs) associated with the LVOR. Among the additional POP sources is the electrical activity of the extraocular eye muscles stimulated by inputs from the vestibular system. These are referred to as ocular vestibular evoked myogenic potentials (OVEMPs) and most commonly measured from a differential pair of surface electrodes inferior to the eye. However, as OVEMPs may be excitatory (negative) or inhibitory (positive) they may not necessarily co-occur with an eye movement. The relationship between the EOG, OVEMPs, and the LVOR are not well understood, not least because OVEMPs are typically recorded using stimulus frequencies much higher than those encountered in experiments on the LVOR or which make use of EOG. For this reason we wished to investigate OVEMP responses at more typical LVOR frequencies.
Since the OVEMP and its physiological interpretation were first publicly announced (18, 22, 23, 27, 28) there has amassed a sizeable literature devoted to its exploitation (see 2, 19 for reviews). It is generally agreed that the OVEMP when activated by acoustic stimulation is a manifestation of the otolithocular pathways, but different modes of acoustic stimulation produce different patterns of end-organ activation (22) . There is evidence that high-frequency air-conducted (AC) sound stimulation (best frequency 500 to 1,000 Hz) is selective for the saccule, whereas low-frequency vibration of the head (best frequency 80 to 100 Hz) appears to be more selective for the utricle, especially if the direction of vibration is aligned within the plane of morphological polarization of utricular hair-cells (24 -26) . Recent work by Zhang et al. (32, 33) has provided evidence that both sound and vibration may produce distinct resonances at ϳ100 and 500 Hz, suggestive that the two resonance peaks are not specific to the two modes of stimulation but to the different dynamic responses of the two end organs.
One property of the OVEMP that is not controversial is that it is strongly modulated by gaze, so that if measured in an inferior location a large response can be obtained with upwards gaze, especially for AC stimulation (18, 24) . For low-frequency vibration, upwards gaze also produces a large inferior response, but it is not abolished with downwards gaze, only altered in morphology, indicative of an alternative source (24) . Given the role of the inferior oblique as an elevator and its particular anatomical location it is generally thought that the inferior OVEMP is produced primarily by this muscle with upwards gaze (8, 18, 22, 30, 31) . Other muscles, including inferior, superior, and lateral recti have been suggested as sources for OVEMPs measured in other periocular locations and with differing gaze positions (25, 30) .
Different assumptions about the mechanisms of end-organ activation lead to differing interpretations of the properties of OVEMPs. This is also attributable to the absence of a clear framework with which to relate acoustically activated otolithocular projections to their normal vestibular function as medi-ators of the LVOR. The end-organ receptors of the LVOR pathways must distinguish linear head accelerations in three possible head-fixed axes, a nasooccipital (NO) or x-axis, an interaural (IA) or y-axis, and a caudal-rostral (CA) or z-axis, against a background terrestrial gravitational acceleration giving a resultant gravito-inertial vector (GIV). The effectors of the LVOR pathways are required to produce two distinct corrective horizontal or vertical eye movements, vergence and version, and to produce torsional eye movements to counter tilt or equivalent tilt. In addition, the gain of the LVOR transformation must also be sensitive to changes in both viewing distance and gaze eccentricity, thus requiring a control system, which has access to eye position and state of vergence. On top of these already complex requirements the LVOR system must also integrate information from other sensory systems, not least the visual system during visual-vestibular interaction (VVI).
The LVOR systems and their role in the VVI have been the subject of experimental and theoretical examination in the last decade (4, (12) (13) (14) (15) (16) . In these experiments, animal or human subjects are made to undergo translational accelerations and the eye position is recorded in various stimulus, visual, and gaze contexts. It has been established that the LVOR systems are essentially high pass in their sensitivity to acceleration at frequencies greater than 1 Hz, i.e., the gain increases with increasing frequency above 1 Hz. In contrast the visual pursuit system is low pass, i.e., the gain decreases with increasing frequency and dominates at stimulus frequencies less than ϳ1 Hz (15) . Thus at frequencies Ͻ1 Hz the visual system can suppress the LVOR for a head-fixed target, but at frequencies Ͼ1 Hz the visual system has less influence. In the range 1-10 Hz, the gain of the LVOR increases with increasing frequency, approaching, but not reaching, ideal gain at the high-frequency end of this range and is strongly modulated by viewing distance and gaze eccentricity, appropriate to achieve the correct vergence and version movements (12) .
Viewing the OVEMP, LVOR, and VVI literature together, the essential difficulty in relating them directly is that over four decades the phenomena have been associated with different ranges of stimulus frequency. From 0.1 to 1 Hz the visual system dominates. in the range 1 to 10 Hz the LVOR phenomena dominate, in the range 20 to 200 Hz the low-frequency vibration OVEMPs are observed, which are likely utricular in origin, and in the range 200 to 1,000 Hz the AC OVEMPs are observed, which are likely saccular in origin. The two outer ranges evoke fundamentally different sensory combinations, being visual/vestibular and auditory/vestibular, respectively. For the two inner ranges, however, it is tempting to consider them to be actually a single domain, the high-pass property of the LVOR perhaps corresponding to the low-frequency tail of a band-pass sensitivity to head acceleration, with the OVEMP representing a high-frequency manifestation. In addition to the possibility of sharing a single band-pass sensitivity, both LVOR and vibration OVEMP phenomena share the property of being strongly modulated by eye gaze eccentricity (5, 18) and this further strengthens the view that they are two manifestations of the same physiological system, the otolith-ocular projections.
Aims. The aims of the work reported here are to test the hypothesis that OVEMPs produced by whole head acceleration are a high-frequency manifestation of the otolith sensitivity underlying the LVOR. The basic design of the experiment was to subject human volunteers to NO-axis acceleration over a range of frequencies spanning 0.5 to 64 Hz at fixed peak acceleration of 1.0 ms Ϫ2 (i.e., 0.1 g). Directing the acceleration parallel to gravitational acceleration, by having the subjects supine, would ensure that there was no tilt component and that the acceleration was purely translational.
In the lower end of the frequency range we expected to observe in the POPs measured from both montages a significant EOG signal associated with eye movements, especially for earth-fixed conditions, which would conform to established properties, i.e., would be suppressed at 0.5 Hz by the VVI for head-fixed viewing, but would show low-pass sensitivity as a function of frequency. At the higher end of the range we expected to observe in the POPs measured from both montages a predominantly OVEMP signal associated with extraocular muscle activity, particularly at the highest frequencies as these approach the established best frequency of 80 to 100 Hz. At transitional frequencies we expected to observe in the POPs from both montages a mix of both EOG and OVEMP signals, which might combine in a nonlinear manner. We also anticipated the possibility of observing "presaccadic spike potentials" (17, 21) at the lower frequencies that are thought to be EMG signals associated with visually driven eye movements. Although these are particularly associated with saccadic eye movements, EMG activity preceding the low-frequency smooth-pursuit behavior during the VVI might also be present. If the OVEMP is a high-frequency manifestation of the LVOR then we should observe a high-pass effect in the POP gain of sensitivity as a function of gaze eccentricity that should be observable as a main effect of frequency in an ANOVA with POP gain as the dependent variable.
MATERIALS AND METHODS

Subjects.
Six healthy male subjects with no history of vestibular or neurological impairment were recruited from the Institute of Sound and Vibration. All subjects had clear responses and because we had no prior data to carry out a power analysis, six subjects were considered sufficient for a first study. The experiment conformed to the Declaration of Helsinki and was approved by the Human Experimentation Safety and Ethics Committee of the Institute of Sound and Vibration Research and participants provided written informed consent.
Apparatus. Whole body vibration was produced by a hydraulic vibrator at the Institute of Sound and Vibration. The vibrator was designed for research on human responses to vibration, including thresholds of vibration perception, vibration discomfort, physiological and performance effects of vibration and biodynamic studies (e.g., 9, 11). Within a 1-m vertical displacement it is capable of acceleration magnitudes up to about Ϯ10 ms Ϫ2 with acceleration waveform distortion generally less than ϳ10%. Drive waveforms for the vibrator were generated by CED Signal software in conjunction with a CED micro1401 DAC and presented to a Servotest Pulsar system that controlled the vibrator. Although primarily used for frequencies in the approximate range 0.1 to 50 Hz, the vibrator is capable of reproducing higher and lower frequencies. The highest stimulation frequency in this study was 64 Hz, so as to test at frequencies approaching the optimal stimulation frequency of the OVEMP. An accelerometer on the vibrator platform measured the acceleration produced by each stimulation sequence and verified that the required 1 ms Ϫ2 acceleration was achieved with good waveform at each frequency.
OVEMP and EOG montages were employed simultaneously to measure POPs with six Ag/AgCl electrodes above and below the eyes. For each eye, one inverting electrode was placed immediately inferior to the eye, one noninverting electrode ϳ1 cm below the inverting electrode, and a second noninverting electrode above the eye. The two inferior electrodes constitute an OVEMP montage and the electrodes immediately below and above constitute an EOG montage, making four channels in total. POPs were amplified by means of a CED 1902 quad amplifier. To prevent biological amplifier saturation on the EOG channel, AC coupling was applied, equivalent to a high pass of 0.03 Hz. For the OVEMP channel a high-pass filter of ϳ0. 16 Hz was applied, as the differential montage was more susceptible to saturation. For all channels a low-pass filter of 1,000 Hz was applied. Raw and averaged POP data were sampled by a CED 1401ϩ at a sampling rate of 10,000 Hz. Although these settings are different from the standard for EOG, which usually employs a low pass of ϳ20 -30 Hz, and for the OVEMP montage, which usually employs a high pass of ϳ5 Hz, it was important for our study to avoid loss of information or the introduction of distortion. The more open filtering was therefore appropriate.
Geometry of isovergence gaze targets. Targets for eye gaze conditions were set on a frame that could be attached either to the vibrator or to the wall of the vibrator room. The targets were arranged to be isovergence (12) with a fixed viewing distance of 60 cm.
The geometry of the isovergence targets are illustrated in Fig. 1 . In this arrangement the subject is supine so that with neutral gaze the line of sight is vertical and defined as the ϩve x-direction. The ϩve z-direction runs from left to right. If the viewing distance is R and the vertical eccentricity from neutral is V then prestimulus the resting gaze angle is given by sin ϭ V/R, so that V ϭ R sin . At the maximum ϩve displacement ⌬x toward the target the required angle to maintain gaze is given by
and at the maximum Ϫve displacement away from the target the required angle to maintain gaze is given by Ϫ ϭ arctan ͩ Rsin Rcos ϩ ⌬x ͪ so that the total angular displacement for a full cycle is given by ⌬ ϭ ϩϪϪ.
Stimuli. The stimuli were arranged over eight octaves from 0.5 to 64 Hz. The transient displacement stimulus waveforms consisted of cosine modulated ½ cycle (0.5 Hz), 1½ (1, 2, and 4 Hz), and 2½ cycle (8, 16, 32 , and 64 Hz) sinusoids arranged so that at the endpoints of the motion the acceleration, the velocity and the displacement returned to zero (e.g., Fig. 2 ). The high-frequency stimuli were presented at a constant rate of about 1 per second while the lowfrequency stimuli were presented at an interstimulus interval of about three cycle lengths. All stimuli were calibrated to have a peak acceleration of 1.0 ms Ϫ2 (i.e., 0.1 g). The calibration was performed during the iterative process for producing the drive waveforms by monitoring the shaker acceleration and adjusting the magnitude of the drive signal. The amplitude of the vertical displacement during a stimulus is approximated by ⌬x ϭ a/ 2 , where a is peak acceleration and is angular frequency, on the assumption that the motion was sinusoidal and of infinite duration, and values of these are shown in Table 1 . From these data an ideal ocular angular displacement can be computed and an associated EOG value estimated using a typical calibration of 20 V/°. In addition to POP recording, shaker acceleration and displacement waveforms were recorded in parallel from sensors on the vibrator table, and head acceleration was also recorded from a sensor attached to the subjects' forehead.
Procedure. After the semi-supine subjects had been positioned on the vibrator table and restrained by a loose lap belt, the subjects were asked to remain relaxed but maintain their gaze on a target specified at the start of each recording run. For each of the stimulus frequencies, recordings of ocular responses were made in two contexts (head-fixed vs. earth-fixed), and with two gaze angles (0 and 20°up gaze) (i.e., 4 Fig. 1 . Geometry of the isovergence gaze targets. Subject is supine with head to the left. Eye positions relative to the targets are indicated by small circles. Dashed circles show eye positions at maximum displacement. Viewing distance is given by the radius R of the array. Vertical gaze eccentricity V is determined by the vertical resting gaze angle . Linear displacement ⌬x is a function of stimulus frequency.
conditions for each frequency) to investigate the vestibular-visual interaction (VVI). The cycles of transient oscillation were repeated for between 30 and 80 trials with sufficient breaks to avoid subject fatigue. Because the low frequency stimuli had longer durations, fewer cycles were used with low frequency stimuli so as to minimize the duration of the experiment.
Data analysis and statistical methods. All trials were first manually inspected at the level of POP traces to reject epochs with transient contaminating noiselike blinks or other sources of transient noise. Then all acceptable trials were averaged to obtain an individual average for each context (earth-fixed, head-fixed conditions), each montage (EOG, OVEMP), each frequency (from 0.5 to 64 Hz), each of the gaze conditions (0°, 20°) and each eye (left, right). Data analysis was carried out on each individual average for the POP magnitude (in V), defined as the difference between the minimal and maximal peaks, and for the POP phase (in degrees), representing the POP response relative to the head acceleration. As the phase could shift throughout an epoch we chose to focus on the initial phase, defined by the first two cycles for the higher frequencies, and measured by means of cross-correlation. The POP response was considered as in-phase if the phase was close to 0°and the largest ϩve peak in the cross-correlation used of the measurement and as anti-phase if the phase was close to 180°and the largest Ϫve peak used. On the basis of the POP magnitude averaging, a POP gain was calculated, defined as the ratio of POP magnitudes with the gaze at 20 and 0 deg.
Statistical analyses of the measurements were carried out in two combinations. In one combination, for the purpose of descriptive statistics from the marginal means, the earth-fixed and head-fixed conditions were analyzed separately. A 2 montages (EOG, OVEMP) ϫ 8 frequencies (from 0.5 to 64 Hz) ϫ 2 gazes (0°, 20°) ϫ 2 eyes (left, right) ANOVA with repeated measures was applied both on magnitude and phase data. In a second combination, for the purpose of inferential statistics, low-frequency (from 0.5 to 4 Hz) and high-frequency (from 8 to 64 Hz) ranges were analyzed separately, but it should be noted that these divisions were chosen for the benefit of statistical convenience only as the transition in behavior occurs in the range 2-8 Hz. A 2 visual contexts (earth, head-fixed) ϫ 4 frequencies (from 0.5 to 4 Hz or from 8 to 64 Hz) ϫ 2 montages (EOG, OVEMP) ϫ 2 gazes (0°, 20°) ϫ 2 eyes (left, right) ANOVA with repeated measures was applied on both magnitude and phase data. A further analysis was carried out directly on the gain with a 2 visual contexts (earth, head-fixed) ϫ 4 frequencies (from 0.5 to 4 Hz or from 8 to 64 Hz) ϫ 2 montages (EOG, OVEMP) ϫ 2 eyes (left, right) repeated-measures ANOVA. Possible departures from sphericity in combinations involving the frequency factor were catered for by using GreenhouseGeisser estimates for significance levels. To take into account multiple comparisons, a 1% criteria was adopted as the critical level.
RESULTS
Grand means of the averaged recorded ocular responses to each of the four conditions for the eight stimulus frequencies are shown in Fig. 3 . As shown in the leftmost column, the head acceleration closely follows the shaker acceleration up to 16 Hz in magnitude and phase. Above 16 Hz the phase of the head acceleration lags that of the shaker, most notably at 64 Hz. Head position follows a double integration of head acceleration, so with continuous sinusoidal acceleration a compensatory eye movement would be sinusoidal with 180°phase change relative to the acceleration. With transient motions, displacement waveforms differ from acceleration waveforms. With 1½ cycles of 0.5 Hz acceleration windowed as in this study, the displacement waveform was a single displacement pulse to and from one direction, giving rise to the unipolar signal from the EOG montage seen for the earth-fixed condition with 0.5 Hz oscillation in Figs. 3 and 4 . At the high frequency end of the range the responses appear to be similar in the earth-vs. head-fixed conditions, whereas at the lowfrequency end the responses show a marked difference between the earth-vs. head-fixed conditions. The high-pass filter of 0.16 Hz applied to the OVEMP channel resulted in differentiation of the 0.5 Hz responses.
To illustrate more closely the nature of the low-frequency responses, for which a VVI is apparent, we show in Fig. 4 responses from the 0.5, 1, and 2 Hz earth-fixed condition with gaze eccentricity of 20° (Fig. 4, top) compared with the responses for head-fixed with gaze eccentricity of 0° (Fig. 4,  bottom) . For the earth-fixed 20°condition the signal from EOG montage is closely correlated with the shaker and hence head displacement; with the signal from the OVEMP montage (not shown) dominated by this displacement following response. For 1 ms Ϫ2 at 20°eccentricity the angular displacement of the eye over a cycle of 0.5 Hz is 6.7°, which gives an EOG calibration of ϳ17 V/°g, which is in the normal range (ϳ20 V per deg). The signal from the EOG montage drops off rapidly with frequency, as would be expected if the EOG signal is correlated with displacement (see Table 1 ). In contrast, for the head-fixed 0°condition, the signal from the OVEMP montage is closely correlated with the inverse of the head acceleration; the signal from the EOG montage (not shown) was dominated by this acceleration following response. The magnitude of the OVEMP does not change significantly over this range.
As previously explained, statistical analyses of the measurements were carried out in two combinations. In one combination, the earth-fixed and head-fixed conditions were analyzed separately. The marginal means from this combination are illustrated in Fig. 5 , but with the head-fixed and earth-fixed conditions shown in the same panel for conciseness (numerical values of the means and standard deviations are provided in Tables 2 and 3 ). Viewing the overall pattern of magnitude of response as a function of frequency (Fig. 5, top) a well-defined U-shape curve is apparent. The largest responses are to be found at the low-frequency and high-frequency ends of the range and with smaller responses generally in the middle of the range, with the exception of 8 Hz where there is a well-defined peak against the general U-trend. The main contribution to the increase in magnitude at the low-frequency end of the U-curve is from the earth-fixed, 20°gaze condition where the signal from the EOG montage is largest. However, the other lowfrequency conditions also show a "low-pass" trend, albeit to a lesser degree. At the high-frequency end of the U-curve, the largest contributions are from the 20°conditions where the OVEMP gaze effect is responsible. The "high-pass" trend is present in all of the conditions. The overall pattern of phase relative to head acceleration (Fig. 5, bottom) is more complex than that of magnitude. The complexity of the phase response is added to by the fact that it shifts within a single response epoch at the higher frequencies and for this reason the phase is based on the first two cycles. Nevertheless, it is possible to distinguish different low-frequency and high-frequency behaviors. The largest effect in the low-frequency region is approaching a 180°phase difference between the earth-fixed 20°gaze condition and the head-fixed conditions. This effect corresponds to the displacement vs. acceleration following responses illustrated in Fig. 4 . The head-fixed conditions show a general trend from in-phase with driving acceleration to a gradual increase in phase lag until 8 Hz where the lag is ϳ90°. The low-frequency earth-fixed conditions are dominated by the effect of gaze. At the highfrequency end, the phase behavior is essentially identical across conditions. The phase returns to ϳ0 at 16 Hz but then oscillates between leading and lagging at 32 Hz and 64 Hz. However, there is an inherent 360°ambiguity in the phase responses at these frequencies.
In the second statistical combination, the low-frequency (EOG dominant) and high-frequency (OVEMP dominant) ranges were analyzed separately. Considering first the magnitude data, there are highly significant main effects for all factors (P Ͻ 0.005) and all their interactions (P Ͻ 0.005) in the low-frequency domain, confirming the impression given in Fig.  4 . In the high-frequency domain, however, the visual context effect (earth-fixed vs. head-fixed) drops out, leaving main effects of frequency (P Ͻ 0.01), gaze (P Ͻ 0.005), and montage (P Ͻ 0.005). Most of the interaction effects also drop out leaving interactions of frequency with montage (P Ͻ 0.01) and with gaze (P Ͻ 0.005). The frequency by gaze effect indicates that the change in magnitude with gaze is greater at higher frequencies.
For the phase in the low-frequency range there was a highly significant main effect of visual context (P Ͻ 0.005) indicating a large phase shift between the low-frequency earth-fixed vs. head-fixed conditions. Thus for the head-fixed conditions the responses essentially follow acceleration, whereas for the earth-fixed 20°gaze condition the responses follow displacement. The earth-fixed 0°gaze condition indicated an intermediate lag. Significant main effects are essentially absent for the other factors. For the earth-fixed conditions the phase lag is approximately constant and large for 0.5, 1, and 2 Hz, and jumping down to 45°at 4 Hz, whereas for the head-fixed conditions the phase lag is effectively 0 at 0.5 Hz, gradually increasing with frequency to ϳ45 at 4 Hz. For the 0°gaze conditions the phase lag general increases from 0.5 to 4 Hz, whereas for the 20°gaze conditions the phase lag generally decreases. For the phase in the high-frequency range, the main effect of context drops out, but there is a main effect of frequency (P Ͻ 0.001). There are no significant interactions for phase at high frequencies. Given the complexity of the data and difficulty interpreting the POP magnitude interaction effects, a further analysis was carried out directly on the POP gain (i.e., on the POP magnitude ratio of 20°and 0°responses). The POP gains are illustrated over the whole frequency range in Fig. 6 . It can be seen that the POP gain shows distinct low-frequency and high-frequency behaviors. From 0.5 to 2 Hz the POP gain for the earth-fixed response is strongly correlated in slope with the head displacement (on a log scale), whereas the head-fixed response shows an approximately unity gain. These responses are manifest in the ANOVA as main effects of context and frequency (P Ͻ 0.001) and an interaction between frequency and context (P Ͻ 0.005). In contrast, from 2 to 64 Hz the gain does not follow displacement in decreasing with frequency but is more acceleration-following in its behavior. However, even under the constant acceleration conditions of this experiment the gain increases with frequency (P Ͻ 0.01). The highfrequency patterns of significance in the ANOVA are similar to those of the low-frequency region, albeit with a smaller effect size. Thus there is also a high-frequency main effect of context in the responses (P Ͻ 0.01). To compare the high-frequency gain behavior with earlier literature Fig. 6 also indicates the range of gains at 20°found by Govender et al. (5), ϳ1-8 dB.
DISCUSSION
The results show some clear trends. Reviewing the magnitude data shown in Fig. 5 , at low frequencies a well-defined VVI is observed with response magnitude falling from 0.5 to 2 Hz, consistent with an EOG response, i.e., a retinal-corneal dipole displacement following head displacement, as illustrated in Fig. 4 . Displacement-following responses are suppressed with a head-fixed target compared with an earth-fixed target as visual tracking is suppressed, and instead we observed acceleration-following responses in the signal from the OVEMP montage (Fig. 4) . At higher frequencies the response magnitude increases with increasing frequency. This is not consistent with the response following displacement, because displacement reduces with increasing frequency if the acceleration is constant (as in Table 1 ). Rather, a high magnitude response is seen at frequencies greater than 4 Hz that increases with increasing frequency. This effect is consistent with the emergence of the high-frequency OVEMP response documented by Todd et al. (24) using mini-shaker stimulation. However, the mini-shaker was not capable of producing large displacements, so the previous work did not investigate the low frequency range used in the current study. When results are analyzed in terms of eye position gain (defined as the ratio of POP magnitudes with the gaze at 20°a nd 0°), the low-frequency response for earth-fixed conditions correlates with head displacement, indicative that its primary source is a retinal-corneal dipole displacement, i.e., an EOG signal (Fig. 4) . The POP gain also exhibits a high-pass effect, which cannot be explained by EOG, because the eye displacement, and hence expected EOG (Table 1) , is too small and must therefore be myogenic in origin (i.e., an OVEMP response). Crucially for our hypothesis, the size of the highfrequency gain in our results is in the same range as found in previous studies (5), consistent with the view that the OVEMP as employed in clinical vestibular research is a high-frequency manifestation of the VOR.
Although the general trends of our data conformed to expectations, there were a number of unexpected results. There is a well-defined peak response at 8 Hz that went against the general trends, and we observed well-defined low-frequency acceleration-following responses, even in the head-fixed condition. Furthermore, although we expected and observed a VVI in the low-frequency end of the range, there was also evidence of a high-frequency visual context effect, consistent with a VOR interpretation. Regarding the 8 Hz behavior in the data, this could be attributable to a nonlinear interaction of EOG and OVEMP or it may have had a biodynamic origin. There are resonances in and between various parts of the body at this frequency (9) so that whole-body vibration can give an enhanced response. Indeed, enhanced pitching motion of the heads of subjects was quite noticeable to the observer. However, the purpose of the experiment was to measure myogenic ocular responses with the head fixed relative to the platform. The apparent resonance at 8 Hz introduced an unexpected head pitching motion that will have provided additional vestibular stimulation and thus additional myogenic ocular responses. For this reason, the 8-Hz response should be treated with caution and its interpretation is not the main purpose of this paper.
The existence of acceleration-following responses at very low frequency for head-fixed and earth-fixed conditions with a zero-gaze eccentricity is surprising because we would expect that with complete visual suppression there should be no eye movement. It is, of course, possible that the VVI does not completely abolish compensatory eye movement, but in this case we would still expect the responses to follow the displacement, as is clearly the case for earth-fixed 20°gaze conditions where the phase lag is close to 180°relative to acceleration. In contrast, the head-fixed conditions have a phase-lag close to zero, i.e., they follow acceleration and are, therefore, fundamentally different from the responses associated with a compensatory eye movement.
Of particular importance to their interpretation is the observation that the sign of the head-fixed POP correlates with Ϫve acceleration (anti-phase with ϩve acceleration). Thus, if the source of the signal in the OVEMP montage is myogenic, the ϩve polarity corresponds to an inhibitory drive (the inverting electrode being closest to the muscles) and we must interpret the myogenic activity as opposing the acceleration in these cases, i.e., a ϩve (upward) acceleration produces muscle inhibition. As such, this response might represent a form of low-frequency inhibitory OVEMP associated with the VVI. For the earth-fixed 20°condition we should in contrast expect an excitatory OVEMP, which would superimpose with the EOG signal. There is some evidence for this in the 2-Hz case shown in Fig. 4 , where the magnitude of the EOG and OVEMP is similar. However, further work will be required to substantiate these interpretations.
Considering now the high-frequency responses, as noted in the introduction, it has been determined that the sensitivity of the LVOR to acceleration increases with increasing frequency, approaching, but not reaching, ideal sensitivity (compensatory angular eye movement corrects for displacement of the head exactly) at ϳ10 Hz, e.g., McHenry and Angelaki (12) . If our physiological data are a manifestation of the LVOR then we should expect to see this increase in gain up to 10 Hz, although previous studies have not gone to stimulation frequencies much higher than 10 Hz, so it is unclear what we should expect to happen to gain at higher frequencies. We observed that even at constant acceleration the magnitude of gain exhibits a highpass behavior (ϳ0.5 dB per octave).
Some caution is required in interpreting these data because it is well established that the discharge pattern of extraocular eye motoneurons includes both velocity and position signals so that for saccadic eye movements the command signal has the form of a "pulse step" (10) . For high-frequency oscillatory VOR movements, the command will be primarily a velocity signal. Furthermore, the appropriate motor command needs to compensate for the ocular plant dynamics, which will be frequency dependent (6, 20) . Because the mechanical impedance of the eye-plant increases with increasing frequency, the motor command signal would need to increase accordingly so that even under constant velocity conditions we should expect that the EMG signal should show a "highpass" response. Our observed physiological response may be a manifestation of both the high-pass property of the LVOR and of a requisite motor compensation for the lowpass ocular plant dynamics.
In addition to the expected effects, we also observed an additional effect of visual context. The mean earth-fixed response reaches a maximum gain of 5.5 dB at 32 Hz, whereas the mean head-fixed response continues to increase up to a maximum gain of 3.7 dB at 64 Hz. The existence of a difference in the earth-fixed vs. head-fixed conditions at high frequencies was not expected because the view from the literature is that the visual system has little influence at frequencies greater than ϳ1 Hz. These differences in the earthfixed vs. head-fixed responses may reflect the operation of two distinct mechanisms, a central mechanism that modulates the gain as a function of visual and eye position inputs (which could account for the extra earth-fixed gain up to 32 Hz; Fig.  6 ), and a second peripheral mechanism associated with the previously observed "resonance" at ϳ100 Hz (which could account for a continued increase in gain beyond 32 Hz).
In the OVEMP literature it is generally thought that there are two possible mechanisms that contribute to the observed gaze effect. The first position is that the OVEMP is essentially analogous to the VEMP and modulated by background contraction (18) . The second view is that gain in magnitude is attributable to the relative position of the inferior oblique muscle to the recording electrodes (2) . Both these hypotheses, however, would imply that the gain as defined in our experiment should be independent of stimulus frequency, which is inconsistent with our data, and so an alternative explanation is necessary. One such alternative is that the change in magnitude with gaze is attributable to a central LVOR gain control mechanism that is influenced by both visual and eye-position inputs.
It is well established that the cerebellum plays a central role in the modulation of gain and phase of the VOR and of smooth pursuit eye movements (7) . In the present situation, where the LVOR is mediated by a three-neuron arc through vestibular and oculomotor nuclei following afferent input from the otolith organs, central modulation is thought to be achieved primarily by the nodular and uvular divisions of the cerebellum (1, 29) . The nodulus/uvula exert their influence by means of Purkinje cell inhibition on the vestibular nuclei but the strength of the influence can be modulated by retinal and eye proprioceptive inputs to the cerebellum via the inferior olive. In animal preparations cerebellar mechanisms may be investigated by inducing cerebellar lesions (29) . For the human system, testing patients with cerebellar dysfunction may be a means by which the matter may further investigated.
Previously it has been speculated that the mechanisms that underlie the apparent 100-Hz "best response" to vibration in the OVEMP could be related to mechanical resonance in the otolith end organs and/or neural resonance of basolateral currents of otolith hair-cells (24) . Having provided evidence that the OVEMP is a high-frequency manifestation of the LVOR we may suggest that the physiological function of the 100-Hz utricular resonance is to enhance the high-pass property of the LVOR and specifically the utriculoocular reflex in the critical range of stimulus frequencies Ͼ2 Hz. The presence of such a higher band pass is also implicit in early work by Fernandez and Goldberg (3) on the transfer function of otolith units, particularly the irregular units.
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